In maize root meristem cells, fixed in KMnO4, embedded in epoxy resin, ultrathin sectioned, and studied with an electron microscope, the nuclear envelope is demonstrated to be a double membrane structure. In the nuclear envelope there are: pores of the sort reported in many species of animals and plants; different types of openings associated with extensions of both nuclear membranes into the cytoplasm; and also, often, large discontinuities. The nuclear envelope is a component of the general vesicular reticulum. The reticula of neighboring cells including the nuclear envelopes make up, at certain stages at least, a "systemic" structure. The status of the nuclear envelope as a component of the general cellular reticulum is recognized to change during differentiation. The existence of several types of discontinuities in the nuclear envelope and the extent of nuclear-cytoplasmic surface relationships indicated suggests alteration in concepts of transport and exchanges between nucleus and cytoplasm.
It has been clearly established that the nuclear envelope of the interphase cell in animals, from protozoa to mammals, and in the few types of plants in which it has been sufficiently well defined, is a double membrane structure (Callan and Tomlin, 1950; Bairati and Lehmann, 1952; Watson, 1954; Serra, 1955; Buvat, 1958; Setterfield et al., 1959; Whaley et al., 1959) . Serra (1955) has called attention to the fact that Schacht in 1852 and Hofmeister in 1867 (see Lepeschkin, 1938) supposed the nuclear membrane of plant cells to be a double-layered structure. The envelope is reported as being always at least partly a perforate structure with small circular discontinuities in the outer, inner, or both membranes. These discontinuities have been described as being ringed by annuli (Gall, 1954) , containing tubes and/or granules (Wischnitzer, 1958) or being "nodes" (Dawson et al., 1955) . Watson (1959) , who has considered them in detail, has referred to them as "pore complexes." In at least one instance the discontinuities have been presumed to have a single membrane, not corresponding to either the outer or inner envelope membranes, across them (Afzelius, 1955a, b) . The two membranes of the envelope have been interpreted as frequently being of different thickness and sometimes of different morphology.
There may be important differences in the structure of the nuclear envelope from one organism to another and in different stages of development or in different types of cells. As techniques improve and additional material is studied these possibilities may be more fully confirmed and some of the apparent conflicts in interpretation may be resolved.
In several instances the membranes of the nuclear envelope have been noted to be of the same dimensions and character as those of the endoplasmic reticulum (Watson, 1955; Palade, 1956) . This fact and the finding of continuities between the nuclear membranes and those of the endoplasmic reticulum led Watson (1955 Watson ( , 1959 to conclude that the interphase nucleus is surrounded by a modified element of the endoplasmic reticulum. To this structure Watson applied the term "perinuclear cisterna." Watson's interpretation of the nuclear envelope has been supported by Palade (1956) in his consideration of the endoplasmic reticulum. An electron microscope study of the meristematic region of the maize root has yielded several observations in support of this interpretation and extended it somewhat.
MATERIALS AND METttODS
Apical segments of the primary roots of maize seedlings were fixed in KMnO4 solutions (Luft, 1956; Mollenhauer, 1959) Subsequently the segments were embedded in araldite or epon epoxy resins (Glauert el al., 1956; Luft, unpublished data) . Longitudinal sections were cut to show silver interference color on a Porter-Blum ultramicrotome with a diamond knife (Fernfindez-Morgm, 1956 ). Sections were examined and micrographs made with RCA electron microscopes models EML and EMU-3D.
OB~%ERVA T IONS
In all the cells examined in the root and rootcap the nuclear envelope has been found to be a double membrane structure ( Fig. 1 et seq An enlargement of a portion of the nuclear envelope in Fig. la , showing a short extension of nuclear envelope-endoplasmic retieulum into the cytoplasm. X 46,000.
FIGURE lc
Another enlargement of a portion of the nuclear envelope in Fig. la showing the outer nuclear membrane continuous with the endoplasmic reticulum, and associated with the latter, an inclusion of the type called phragmosomes by Porter and Caulfield (1958) . X 46,000. sections (Fig. 5) . Their appearance in different sections indicates a particular type of opening, an essentially circular pore, of about the same diameter as the diameters reported in various animal cell nuclei (Bahr and Beermann, 1954; Watson, 1955 Watson, , 1959 . At the edges of these pores the inner and outer nuclear membranes are continuous (Fig. 2) . With the techniques used here no distinct structure is demonstrated within the pores and the ground substance of the cytoplasm is usually not distinguishable from that of the nucleus at the pores. In a few preparations, however, the ground substance at the pores appears to have a somewhat difl)rent density than the remaining ground substance of the cytoplasm and nucleus, as has also been reported by Rebhun (1956) and Watson (1959) .
Another type of discontinuity is that seen in Figs. 4, 6, and 9. In this type the nuclear envelope, viewed in normal section, appears to extend outward into the cytoplasm. The extension into the cytoplasm may not be particularly oriented with respect to the surface of the nucleus (Fig. 9) , may appear folded back on itself (Fig. 6 ), or may not be folded back but continue in the cytoplasm parallel to the nuclear envelope (Fig.  4) . These extensions of the nuclear envelope are indistinguishable from profiles of the endoplasmic reticulum. The %penings" associated with these extensions of both the inner and outer nuclear membranes must be of a different form from the circular pores. Still another type of discontinuity, possibly related to this type, is one in which the nuclear envelope appears incomplete (Figs. 7, 8, 14) . Such discontinuities are frequent in interphase cells showing no evidence of tearing or other damage. These discontinuities often seem to bear a positional relationship to other cellular components.
Single sections of nucM may show as many as three or four continuities between the nuclear envelope and the endoplasmic reticulum. At these continuities either only the outer nuclear membrane or both nuclear membranes may be continuous with the endot)lasmic reticulum membrane depending on the type of opening (Figs. 1, 2 , 4, 6, 9, 13, 14) . The exlensions of the nuclear envelope may apparently go only a short distance into the cytoplasm (Figs. l b, 9) , may be continuous with extensive segments of the endoplasmic reticulum (Figs. i, 4a) , and may connect the nucleus with the surface of the cell and, by contact at least, with the endoplasmic reticulum of an adjacent cell (Figs. la, 2, 4a ).
Not only may there be extensions of the nuclear envelope into the cytoplasm, there may also apparently be similar extensions into the nucleus (Figs. 12 and 13 ). Such extensions are seen less frequently than those into the cytoplasm but extensions of the nuclear envelope into both the cytoplasm and the nucleus may occur in the same cell (Fig. 13) .
Sometimes the nuclear envelope of the maize root meristem cell may undergo a proliferative development. When this happens one or more segments of the envelope take on the character represented in Fig. 3 . There is apparently formation of additional lamellar units outside the original nuclear envelope, but attached to it in such a manner as to form, in section profile, small enclosures. The substance bounded by the additional membranes has the appearance of the cytoplasmic ground substance and no structural detail is seen in it.
The nucleus of the interphase meristematic cell is essentially spherical or somewhat flattened (probably sometimes, at least, by compression in sectioning). "vVhen a meristematic cell approaches division the mIcleus may lose the spherical or FIGURE Portions of two meristematic cells showing, at the left, a perforate nuclear envelope, a continuity of the outer nuclear membrane with the endoplasmic reticulum, and intercellular connections through a wall. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. X 39,000.
FIGURE 3
A portion of a meristematic cell showing proliferation of the nuclear envelope under experimental conditions. Fixation in a 2 per cent aqueous solution of KMnO4 for rather flattened form and appear somewhat ameboid. The nuclei of necrotic cells near the periphery of the rootcap or of much vacuolate cells anywhere in the root may undergo similar changes in shape. Bajer's films show nuclei in Haemanthus cells approaching division to be strongly pulsating. This observation would account for the ameboid shape (Bajer, 1957) . In such ameboid nuclei there may be "pseudopodia" extended into the cytoplasm (Fig. 10) or there may be deep invaginations in the nuclear surface (Fig. 11) . In the latter case, cytoplasmic organelles may be nearly surrounded by the nuclear envelope.
DISCUSSION
Scott suggested in 1950, on the basis of an optical microscope study, that the surface membranes of both nuclei and plastids are perforate and that "nucleodesmata" connect the ground substance of the cytoplasm and that of the nucleus, possibly functioning as microcanals in transport. As has now been noted by several investigators (Watson, 1955 (Watson, , 1959 Palade, 1956; Whaley et al., 1959) , the interphase nuclear envelope appears to be indisputably a component of the general vesicular reticulmn of the cell. In the non-vacuolate or only slightly vacuolate cells of the meristematic region of the maize root and rootcap the envelope of each nucleus may be continuous with the endoplasmic reticulum at several points. This observation has also been made in Allium roots by Porter and Machado (1960) . It is certain that the extent of nuclear envelope-endoplasmic reticulum contact with the ground substance of the cytoplasm is relatively great, and that direct nuclear envelope~ell surface contacts are common in these meristematic cells. Intercellular contacts, and perhaps sometimes cominuities, between the endoplasmic reticula of neighboring meristematic cells indicate a "systemic" structure of which the nuclear envelope is, transitorily at least, a component (Whaley et al., 1960) . The relationship of the nuclear envelope to the endoplasmic reticulum has been recognized in several suggestions that the former may give rise to the latter (see Haguenau, 1958; Merriam, 1959) . In the maize root tip cells, at least, both appear to be components of a general vesicular system and it does not seem in order yet to speculate on whether one component of this system gives rise to the other.
As Watson (1955 Watson ( , 1959 and others have pointed out, demonstration of the perforate character of the nuclear envelope changes the basis for postulates regarding the passage of materials between the cytoplasm and the nucleus. Siekevitz and Palade (1960) have supposed that certain enzymes essential to synthesis may move within this membranous system. The passage of RNA and specific protein molecules between nucleus and cytoplasm was postulated some time ago. Holtfreter (1954) has shown experimentally that molecules as large as those of hemoglobin pass through the nuclear envelopes of frog oocytes under experimental conditions. The demonstration of pores in the envelope offers grounds for a reasonable hypothesis concerning the passage of large molecules, but it seems probable that any passage through the pores is a controlled one (Watson, 1954 (Watson, , 1955 (Watson, , 1959 .
FIGURE ~a
Portions of ineristematic rootcap cells showing the nuclear envelope in continuity with the endoplasmic reticulum (see 4b); intercellular connections, and various inclusions. Fixation in a 5 per cent aqueous solution of KMnO4 for 1 hour and 15 minutes at 22°C. X 10,000.
FIGURE Sb
An enlargement of a portion of the nuclear envelope in Fig. 4a showing an extension of both nuclear membranes into the cytoplasm parallel to the surface of the nucleus. X 23,000. An oblique section of a nuclear envelope sbowing circular pores. Fixation in a 2 per cent aqueous solution of KMnO.~ for 2 hours at 22°C. X 2(t,000.
The demonstration here of discontinuities much larger than the oft-demonstrated pores modifies still further the interpretation of the passage of materials between the nucleus and the cytoplasm. If these discontinuities are real, then some passage of materials may not be related to either permeability of the membranes of the nuclear envelope or the structural characteristics of the pores.
Through the membranes of the nuclear envelope and the rest of the endoplasmic reticulum system both the nucleoplasm and cytoplasm are in contact with the contents of this extensive vesicular system. This contact provides enormous surface for physicochemical activities and perhaps a transport system--not only between cytoplasm and nucleus of a given cell, but in these meristematic cells, possibly between one cell and another. Through this system substances capable of moving across lipoprotein membranes might pass in either direction--to support activity in the nucleus, or to provide nuclear influence of activity in the cytoplasm. It is perhaps of significance that in the maize root apex the integrity of this vesicular system is at its maximum in the meristematic cells about to become detectably differentiated and is markedly reduced with the progress of differentiation. The cellular reticulum may be more extensive in differentiated cells, but there are fewer continuities between the cytoplasmic portion and the nuclear envelope.
Several investigators (Palay and Palade, 1955; Rebhun, 1956; Cohen, 1957; Kaufmann and Gay, 1958; Wischnitzer, 1958) have noted that nuclei sometimes have undulations into the cytoplasm, are ameboid in form, or seem to form "blebs" which may become detached. In the cells of the maize root, major departures fi'om a regular form characterize nuclei approaching division or nuclei of highly differentiated or necrotic cells. Structures resembling the "blebs" reported by and Kaufmann and Gay (1958) in Drosophila nuclei are sometimes seen, but we have no suggestions that any of the cytoplasmic bodies originate from the nucleus in the manner described by Gay or by Hoffman and Grigg (1958) .
Demonstration that the nuclear envelope is a component of the general cellular reticulum and not an independent structure alters in many ways concepts of nuclear-cytoplasmic relationships and intercellular relationships. The observation that in the meristem this general vesicular system is, at least in a measure, one of intercellular character changes radically the long-held idea that the meristematic cell is distinctly an autonomous embryonic unit. Modification of the pattern of intercellular associations within this general vesicular system with the progress of differentiation adds a dimension to the consideration of the nuclear control of development.
The authors wish to acknowledge both the assistance and the thinking of Miss Joyce E. Kephart. , B. A., Exp. Cell Research, 1955a , 8, 1~7. AFZELIUS, B. A., Z. Zellforsch., 1955b , 42, 134. BAnR G. F., and BEERMANN, W., Exp. Cell Research, 1954 , 6, 519. BAIRATI, A., and LEHMANN, F. E., Experientia, 1952 , 8, 60. BAJER, A., Exp. Cell Research, 1957 , 13,493. BUVAT, R., Ann. ~v. nat. bol., 1958 , series 11% 19, 121. CALLAN, H. G., and TOMLIN, S. G., Proc. Roy. 5'oc. London, Series B, 1950 , 137, 367. COHEN, A. I., .L Biophysic. and Biochem. Cytol., 1957 .
LITERATURE CITED AFZELIUS

FIGURE 6
Portions of two meristematic cells showing, at the left, an extension of the nuclear envelope into the cytoplasm and folded back on itself. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. X 42,000.
FIGURES 7 and 8
Portions of interphase meristematic cells showing large discontinuities in the nuclear envelopes associated with cytoplasmic organelles. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. X 40,000.
FIGURE 9
An extension of both nuclear membranes into the cytoplasm. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. X 36,000.
FIGURE 10
A "pseudopodium" of an ameboid nucleus. What appears to be an inclusion (at the arrow) is probably produced by an invagination of the nuclear envelope through the plane of the section. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. )< 23,000.
FIGURE 11
An invagination in a nuclear envelope, showing a section of a mitochondrion nearly surrounded by the nuclear envelope. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. X 10,000.
FIGURE 1~2
A portion of the nuclear envelope of an interphase cell of an onion root tip showing an extension of the nuclear envelope into the nucleus. Fixation in a 2 per cent aqueous solution of KMnO4 for 2 hours at 22°C. )~ 37,000.
FIGURE 13
A portion of the nuclear envelope in an intcrphase ceil of a maize root tip showing extensions of the nuclear envelope into the nucleus and into the cytoplasm. Fixation in a 0.6 per cent aqueous solution of KMnO4, sodium veronal-buffered at pH 6.7 for 2 hours at 2 to 4°C. X 20,000.
